Terminally ill insulin-deficient rodents with uncontrolled diabetes due to autoimmune or chemical destruction of ␤-cells were made hyperleptinemic by adenoviral transfer of the leptin gene. Within Ϸ10 days their severe hyperglycemia and ketosis were corrected. Despite the lack of insulin, moribund animals resumed linear growth and appeared normal. Normoglycemia persisted 10 -80 days without other treatment; normal physiological conditions lasted for Ϸ175 days despite reappearance of moderate hyperglycemia. Inhibition of gluconeogenesis by suppression of hyperglucagonemia and reduction of hepatic cAMP response element-binding protein, phoshoenolpyruvate carboxykinase, and peroxisome proliferator-activated receptor-␥-coactivator-1␣ may explain the anticatabolic effect. Up-regulation of insulin-like growth factor 1 (IGF-1) expression and plasma levels and increasing IGF-1 receptor phosphorylation in muscle may explain the increased insulin receptor substrate 1, PI3K, and ERK phosphorylation in skeletal muscle. These findings suggest that leptin reverses the catabolic consequences of total lack of insulin, potentially by suppressing glucagon action on liver and enhancing the insulinomimetic actions of IGF-1 on skeletal muscle, and suggest strategies for making type 1 diabetes insulin-independent.
U
ntil the discovery of insulin in 1921 by Banting and Best (1) type 1 diabetes (T1D) was a uniformly fatal illness. Ever since the introduction of insulin treatment, it has been assumed that only insulin can reverse this lethal catabolic syndrome, in which virtually all insulin-producing cells are destroyed by an autoimmune process.
The discovery in 1994 of the adipocyte hormone leptin (2) introduced a novel agent with a myriad of physiologic and pharmacologic effects. Among these effects is a robust blood glucose-lowering effect observed in normal rodents (3) and in rodents with partial insulin deficiency induced by streptozotocin (STZ) (4) . Leptin is used therapeutically in patients with lipodystrophic diabetes (5) . However, because none of these leptinresponsive diabetic models were completely insulin-deficient, it is generally assumed that the antihyperglycemic effects of leptin treatment result from potentiation of residual levels of endogenous insulin. The idea that leptin had actually replaced the therapeutic actions of insulin has never been seriously tested.
In this report we demonstrate that, in three etiologically different rodent models of ␤-cell destruction, adenovirally induced hyperleptinemia not only corrects the hyperglycemia, but restores terminally ill rodents to full health within 2 weeks of treatment, despite the absence of insulin in their plasma and pancreas.
Results
Hyperleptinemia Normalizes Uncontrolled Diabetes in Nonobese Diabetic (NOD) Mice. The NOD mouse is the most commonly used rodent model of autoimmune or type 1 diabetes. Seventy-three percent of the females (6) die with the clinical manifestations of insulin deficiency (7) , unless treated with insulin. Here, we studied 20 female NOD mice, 15 of which developed diabetes between 12 and 20 weeks of age. Six of the diabetic mice were either untreated or received adenovirus containing the cDNA of ␤-galactosidase (Adv-␤-gal) as an irrelevant control. There were no clinical differences between untreated and Adv-␤-gal-treated mice. Nine mice were treated with adenovirus containing the leptin cDNA (Advleptin), inducing marked hyperleptinemia averaging 319 Ϯ 76 ng/ml 3 days after the injection (Fig. 1A) . Leptin levels decreased rapidly thereafter, measuring 16 Ϯ 4 ng/ml by the 9th postinjection day. For at least 30 days after treatment, they remained Ͼ1 ng/ml, the mean leptin level in untreated diabetic animals.
The nonfasting glucose levels of the controls averaged 534 Ϯ 199 mg/dl before Adv-leptin treatment (Fig. 1B) . Urine was strongly positive for glucose and ketones (data not shown). Plasma insulin levels in the fed state were all Ͻ0.1 ng/ml by 18 weeks of age, compared with 1.4 Ϯ 0.1 ng/ml in normal nondiabetic controls. Glucose levels fell to normal in every Adv-leptintreated mouse from Ͼ534 Ϯ 199 mg/dl to 77 Ϯ 67 mg/dl at 9 days after infection (Fig. 1B) . Subsequently, however, they gradually increased and by 22 days after Adv-leptin injection glucose levels had risen to 410 Ϯ 146 mg/dl At this point they seemed to reach a plateau, never approaching the Ϸ600 mg/dl range of untreated animals during 4 weeks of observation. Moreover, there was no weight loss or apparent deterioration in their health. In addition to lack of measurable plasma insulin, pancreatic preproinsulin mRNA was undetectable (CT Ϸ34) in both the leptinized diabetic mice and in the untreated controls, using primer sequences that do not differentiate between preproinsulins 1 and 2, whereas preproglucagon mRNA was increased (CT Ϸ23). Thus, the metabolic improvement in the former group of NOD mice appears to have occurred independently of insulin.
Hyperleptinemia reduced food intake to 51% of the control diabetic NOD mice given Adv-␤-gal (data not shown). Despite their hyperphagia, body weight of the control mice declined, whereas in hyperleptinemic mice the weight loss halted at Ϸ7 days after Adv-leptin injection and body weight rose slightly thereafter (Fig.  1C) . Pair-feeding of untreated controls to the hyperleptinemic mice proved to be lethal within 4 days of diet restriction and was discontinued. Remarkably, the leptinized group appeared to thrive and was without abnormalities in appearance or behavior.
glucagon levels in untreated and treated diabetic mice. Plasma glucagon measured 175 Ϯ 21 pg/ml in untreated mice, significantly higher than levels in prediabetic NOD mice (53 Ϯ 17 pg/ml) (P Ͻ 0.01) (Fig. 1D) . Thirty days after Adv-leptin treatment glucagon levels averaged 69 Ϯ 28 pg/ml, significantly below the Adv-␤-galtreated mice (P Ͻ 0.01). The latter value was not significantly different from plasma glucagon levels in the prediabetic mice. Thus, leptin-mediated suppression of diabetic hyperglucagonemia may contribute to the reversal of the diabetic state.
Hyperleptinemia Normalizes the Uncontrolled Diabetes of STZ and
Alloxan Diabetic Rats. To determine whether hyperleptinemia would be as effective in other forms of diabetes in another species, we studied its effects in rats with chemically induced ␤-cell destruction. Six normal, lean wild-type Zucker Diabetic rats received 80 mg/kg of STZ, their maximal sublethal dose, and 11 rats received 100 mg/kg of alloxan. All untreated animals died in Ͻ3 months with severe hyperglycemia and ketosis.
A single i.v. injection of 10 12 plaque-forming units of Advleptin induced hyperleptinemia of Ϸ300 ng/ml at 3 days, after which levels declined slowly to 20 ng/ml by the 30 th day ( Fig. 2A) . Glucose levels averaging 400 Ϯ 96 mg/dl were restored to normal within 18 days in all six STZ-diabetic rats and normoglycemia persisted throughout a 30-day observation period (Fig. 2B) . During this period the progressive weight loss of uncontrolled diabetes was halted and, remarkably, body weight increased despite the hyperleptinemia (Fig. 2C) . Treatment with Adv-␤-gal had no effect on the diabetes. The effects of hyperleptinemia on other relevant clinical and laboratory manifestations of uncontrolled diabetes are recorded in supporting information (SI) Table S1 . Similar normalization of hyperglycemia was observed in all 11 alloxan-diabetic rats (Fig. 2D) , and the improvement persisted for Ϸ80 days without any other therapy.
In a separate longer-term study encompassing 174 days, hyperglycemia slowly reappeared but reached a plateau well below the pretreatment levels and the animals remained in apparent good health (Fig. S1) .
Thus, as in the NOD mice, hyperleptinemia reversed the metabolic and clinical manifestations of chemically induced ␤-cell destruction in the absence of any insulin.
Potentiation of Residual Insulin as the Mechanism of Hyperleptinemic
Action. Although potentiation of residual insulin was excluded as the mechanism of hyperleptinemic reversal of NOD diabetes, it seemed important to confirm this in chemically induced diabetes as well. The nonfasting plasma insulin levels in the streptozotocin-diabetic rats were very low after the Adv-leptin treatment of the diabetic rats (0.2 Ϯ 0.03 ng/ml before and 0.18 Ϯ 0.07 ng/ml after), versus 1.4 Ϯ 0.3 ng/ml level of nonfasting plasma insulin in normal rats. Nevertheless, they were higher than the ''zero'' reading on the standard curve.
Therefore, to rule out the possibility that hyperleptinemia had potentiated these miniscule insulin levels, we administered the 80 mg/kg dose of streptozotocin twice (2XSTZ) to nine normal rats in an effort to achieve more complete ␤-cell destruction. These rats exhibited mean blood glucose levels of 674 Ϯ 18 mg/dl without treatment, and their plasma insulin levels were below the detection levels of the assay. The induction of hyperleptinemia in both the 2XSTZ diabetic rats elicited the same progressive decline in glucose levels to normal and complete clinical improvement within 14-20 days (Fig. 3A) . Immunostaining of the pancreata of Adv-leptin-treated rats still revealed 1 or 2 insulinpositive cells per 10-15 islets (Fig. 3B) , which, although not statistically different, was more than in the untreated controls (P ϭ 0.08). However, once again preproinsulin mRNA could not be detected in the pancreas by quantitative RT-PCR (CT Ͼ34), although preproglucagon mRNA was readily detected (CT Ϸ23). This suggests that these rats were incapable of insulin biosynthesis, and raises the possibility the very rare insulin-positive cells in the pancreas represent insulin granules trapped in badly damaged nonfunctional ␤-cells undergoing apoptosis and/or macrophages that had engulfed insulin granules.
Finally, the possibility of extrapancreatic insulin production, reported in liver of insulin-deficient rodents (10, 11) , was also examined. We were unable to identify in liver any preproinsulin mRNA by quantitative RT-PCR (CT Ͼ35), and therefore conclude that the antidiabetic effect of hyperleptinemia in chemically induced ␤-cell destruction is unlikely to be mediated by potentiation of endogenous pancreatic or extrapancreatic insulin. Comparison of mean (Ϯ SEM) leptin levels (A), blood glucose levels (B), body weight and food intake (shaded dark area ϭ Adv-leptin) (C), and plasma glucagon levels (D) in diabetic NOD mice after either treatment with Adv-leptin (■) (n ϭ 9) or injection of Adv-␤-gal (ᮀ) as a control (n ϭ 6). Plasma glucagon levels of diabetic NOD mice were obtained 30 days after treatment with Adv-leptin (■) (n ϭ 9) or injection of Adv-␤-gal (ᮀ) (n ϭ 6). Glucagon levels of prediabetic NOD mice (n ϭ 6) are also displayed ( ). * , P Ͻ 0.01.
tidiabetic effect in STZ-diabetic rats, we measured plasma glucagon before and 30 days after injection of the Adv-leptin. Glucagon levels before the STZ induction of diabetes averaged 63 Ϯ 35 pg/ml. Thirty days after the onset of untreated STZ diabetes they measured 649 Ϯ 205 pg/ml. Thirty days after treatment with Adv-leptin plasma glucagon had declined to 46 Ϯ 6 pg/ml (P Ͻ 0.0.1) (Fig. 3C) . Thus, as in NOD mice, glucagon suppression may have contributed to the reversal of the chemically induced uncontrolled diabetic state in rats.
Inhibition of Hepatic Glucagon Action by Hyperleptinemia in STZ-
Induced Diabetic Rats. Insulin treatment reverses the excess glycogenolysis, gluconeogenesis, and ketogenesis of insulin deficiency, not only by suppressing the hypersecretion of glucagon, but also by direct action on the liver to inhibit the hepatic effects of any unsuppressed plasma glucagon. To determine whether the hyperleptinemia had acted directly on the liver, we measured hepatic phospho-STAT3, an index of leptin action mediated via the hepatic leptin receptor. P-STAT3 was significantly increased (P Ͻ 0.01) (Fig. 4A ). This provides evidence for autocrine activity of the liver-derived hyperleptinemia on hepatocytes infected with Adv-leptin.
Glucagon action on the liver increases the phosphorylation of cAMP response element-binding protein (P-CREB) (12) . P-CREB was elevated in the livers of untreated STZ-induced diabetic rats with hyperglucagonemia. Both insulin treatment and treatment with Adv-leptin significantly reduced P-CREB (P Ͻ 0.01). At 30 days after treatment, P-CREB in the hyperleptinemic rats was significantly lower than in untreated rats (P Ͻ 0.01), although not as low as 3 h after insulin treatment (Fig. 4A) .
Based on these findings, one would predict a reversal of the increased hepatic gluconeogenesis of uncontrolled diabetes. Such a reversal would be reflected by decreased expression of phoshoenolpyruvate carboxykinase (PEPCK), a key gluconeogenic enzyme that is stimulated by glucagon (13) , which is elevated in uncontrolled diabetes. In untreated STZ-diabetic rats PEPCK mRNA was 48% above normal and declined by 43% at 30 days after the Adv-leptin treatment (Fig. 4B) . In addition, Adv-leptin treatment reduced peroxisome proliferator-activated receptor-␥-coactivator-1␣ (PGC-1␣) mRNA, which is also implicated in activation of gluconeogenesis (14) (Fig. 4B) . The reduction by hyperleptinemia of these gluconeogenic proteins may well contribute importantly to the reversal of the catabolic state.
The suppression of glucagon and its activity by hyperleptinemia would also be expected to inhibit ketogenesis (15) , although leptin itself causes nonketotic fatty acid oxidation of lipids (16) . In untreated insulin-deficient rats hepatic TAG content had declined from a normal value of 6.8 Ϯ 0.8 mg/g of tissue weight to 1 Ϯ 0.5 mg/g. Thirty days after the induction of hyperleptinemia it measured 4.7 Ϯ 0.8 mg/g of liver. Remarkably, plasma triacylglycerol (TAG), which averaged Ͼ1,000 mg/dl in untreated diabetic rats, was Ͻ9 mg/dl in hyperleptinemic rats (Table S1 ), suggesting that a profound reduction in the secretion of very low density lipoproteins (VLDLs) coincided with the increase in hepatic TAG content. Plasma free fatty acids (FFA) in untreated STZ rats averaged 2.2 Ϯ 1.2 mEq/liter, almost 8 times the value in lean nondiabetic rats (P Ͻ 0.004); one month after Adv-leptin treatment they measured 0.19 Ϯ 0.06 mEq/liter (Table  S1 ). This most probably reflected the loss of adipocyte fat because of the lipolytic consequences of insulin deficiency coupled with the lipo-oxidative action of the hyperleptinemia (17) .
Effect of Hyperleptinemia on Postprandial Glucose in STZ-Induced
Diabetic Rats. To determine whether hyperleptinemia mimics the extrahepatic actions of insulin, we compared fasting and nonfasting glucose levels in normal, untreated STZ-diabetic, and Adv-leptin-treated STZ-diabetic rats (Fig. 4C) . In normal rats the fasting and postprandial glucose levels differed by only 26 Ϯ 1.2 mg/dl. In untreated diabetic rats, they differed by 227 Ϯ 11 mg/dl, whereas in the leptinized group the difference was 74 Ϯ 6 mg/dl at 30 days after treatment. Thus, it appears that leptin action reduces postprandial hyperglycemia in insulin-deficient rats. Comparisons of mean (Ϯ SEM) leptin levels (A), plasma glucose levels (B), and body weight (C) in untreated streptozotocin (STZ)-diabetic rats on an unrestricted diet (E) (n ϭ 5), or untreated streptozotocin (STZ)-diabetic rats pair-fed with leptinized rats (‚) (n ϭ 3), and in streptozotocin (STZ)-diabetic rats treated with Advleptin (■) (n ϭ 6). (D) Blood glucose levels in untreated alloxan-diabetic rats (E) (n ϭ 5) or rats treated with Adv-leptin (■) (n ϭ 6).
icant effect on any of these four insulin targets in liver, despite an almost 3-fold increase in hepatic phosho-STAT-3 (P Ͻ 0.0001) (data not shown). Because, in the liver of normal rodents, leptin induces a 6.8-fold activation of mitogen-activated protein kinase (MAPK) (18), we suspect that this difference reflects leptin-mediated potentiation of insulin's hepatic action, which was lacking in our insulin-deficient rodents.
However, in skeletal muscle the effects of hyperleptinemia were more insulin-like. P-IRS-1, which was undetectable in untreated diabetic rats, was increased in the hyperleptinemic rats. At 3 days after Adv-leptin injection it measured Ͼ60% of the value observed 3 h after insulin injection (Fig. S2) . PI3K in skeletal muscle of leptinized rats was also significantly greater than in untreated diabetics, measuring Ͼ60% of the value noted 3 h after insulin administration (P Ͻ 0.001). P-ERK was increased 9-fold above the level in muscle of untreated diabetic rats to 44% of the insulin-induced increment. However, there was no increase in P-Akt in either liver or muscle of rats 30 days after induction of hyperleptinemia. These results suggest that, although in insulin-deficient rodents the hepatic effects of hyperleptinemia do not involve the insulin-signaling pathway, those in skeletal muscle may be mediated by certain components of the pathway.
Leptin Induction/Potentiation of Insulinomimetic Hormones. The activation by hyperleptinemia of insulin-signaling molecules in skeletal muscle, but not in liver, raised the possibility of potentiation of an insulinomimetic hormone. Fibroblast growth factor (FGF)-21 is reported to have insulinomimetic properties that could play a regulating role in metabolism (19) . However, FGF21 mRNA in livers of STZ rats was not up-regulated by hyperleptinemia (data not shown).
A role for insulin-like growth factor (IGF)-1, which can activate ERK (20) , was also considered. A comparison of three untreated and four Adv-leptin-treated STZ-diabetic rats revealed plasma IGF-1 to be significantly increased in the hyperleptinemic rats 30 days after treatment (P Ͻ 0.01) (Fig. 5A) . Hepatic IGF-1 mRNA was up-regulated (P Ͻ 0.01) in the Adv-leptin-treated rats at this time (Fig. 5B) . To determine whether the plasma IGF-1 elevation was acting on target tissues, we measured phosphorylation of IGF-1 receptor in liver and muscle. At 3 days posttreatment, but not at 30 days, we found a significant increase in P-IGF1-R in skeletal muscle of hyperleptinemic rats (Fig. 5C) , the tissue in which components of the insulin-signaling pathway had been activated. We found no such increase in liver, in which they had not been activated. These findings are consistent with IGF-1 mediation of the insulin-like action of hyperleptinemia in skeletal muscle. They may also be relevant to the impressive increase in body weight and linear growth observed in Adv-leptin-treated diabetic animals (Fig. 5D ).
Discussion
Hyperleptinemia reduces hyperglycemia in streptozotocin diabetic rats with partial insulin deficiency (21, 22) , and can directly activate certain components of the insulin signal transduction pathway in normal rats (18) . However, the possibility that leptin could rescue insulin-deficient animals from ketoacidosis and death had never been tested. Here, we show that sustained, supraphysiologic hyperleptinemia, induced by a single injection of Adv-leptin, reverses all of the measurable consequences of insulin deficiency, whether autoimmune or chemically induced, and restores health in rodents without insulin preproinsulin mRNA in pancreas or in ectopic sites.
The single, most striking feature of this study was the dramatic clinical improvement achieved without insulin in terminally ill rodents. Without exception every animal exhibited significant daily improvement, becoming normoglycemic and in a normal state of health within 5-12 days. The results were similar in mice with autoimmune destruction and in rats with chemical destruction of ␤-cells, although the timing differed. In all models weight loss was arrested and weight gain resumed despite the virtual absence of body fat. Although the antihyperglycemic effect of hyperleptinemia in STZ rats wanes 2-3 weeks thereafter, the hyperglycemia remains well below the extremely elevated pretreatment levels-even at 25 weeks after Adv-leptin treatment (Fig. S1) , perhaps because the adenovirally induced hyperleptinemia persists at low levels for many weeks (23) .
Earlier work from our laboratory had demonstrated that hyperglucagonemia is present in insulin deficiency states (8) and that its suppression by somatostatin prevents the hepatic overproduction of glucose and ketones in uncontrolled diabetes for several hours (9, 24, 25) . In this study we found that sustained hyperleptinemia can also profoundly suppress diabetic hyperglucagonemia to normal for extended periods of time. In addition, hyperleptinemia can inhibit glucagon's gluconeogenic action on the liver, as manifested by a reduction in P-CREB, PEPCK, and PGC1␣.
Although leptin stimulates MAPK phosphorylation almost 4-fold in the livers of normal rats (18, 26) , in the insulin-deprived animals studied here, hyperleptinemia had no such effect. There was, however, evidence of insulin-like effects in an extrahepatic target of insulin, the skeletal muscle, where P-STAT3 increased almost 10-fold. In confirmation of the report of Kim et al. (18) , there was an increase in skeletal muscle P-IRS-1, P-ERK, and P13K to Ϸ65%, 44%, and 30%, respectively, of the insulininduced increase. These effects could have been mediated by IGF-1, which was up-regulated in the liver of leptinized rats and which was increased in plasma. There was increased phosphorylation of IGF-1 receptor in skeletal muscle, which is consistent with this IGF-1 action, as is the striking restoration of linear growth in the absence of any insulin (Fig. 5C ).
Based on this evidence, we speculate that the reversal by hyperleptinemia of the protein catabolism of total insulin deficiency was the result of suppression of hyperglucagonemia and its protein-catabolic hepatic actions on liver, combined with up-regulation of IGF-1, a protein-anabolic hormone.
Whatever their mechanisms, these results constitute the first report of successful treatment of total insulin deficiency without insulin. They suggest that uncontrolled diabetes can be rescued without insulin by agents that eliminate glucagon-mediated hepatic overproduction of glucose and ketones and that improve glucose utilization in skeletal muscle. Consequently, it is not inconceivable that these findings will lead to the development of glucagon-suppressing/blocking agents that might supplement or even replace insulin treatment in the management of T1D.
Materials and Methods
Animals. Eight-week-old nonobese diabetic (NOD/LtJ) mice from the Jackson Lab were used for studies of autoimmune diabetes. Ten-week-old lean wildtype (ϩ/ϩ) Zucker Diabetic Fatty (ZDF) rats weighing Ϸ300 g and fed Teklad 6% fat mouse/rat chow (Teklad) were used for studies of chemical diabetes. To exclude reduced food intake in hyperleptinemic rodents as the cause of improved metabolic state, in some experiments the food intake of controls was matched to that consumed by hyperleptinemic animals on the previous day. This is referred to as ''diet-matching.'' All mice and rats were housed in individual cages with constant temperature, and a standard light/dark cycle (6 a.m. to 6 p.m./6 p.m. to 6 a.m.). All were fed 6% mouse/rat chow diet (Teklad) and had free access to water. All animal protocols were approved by the Institutional Animal Care and Research Advisory Committee of the University of Texas Southwestern Medical Center.
Induction of Diabetes by STZ.
Normal lean wild-type ZDF (ϩ/ϩ) rats were fasted overnight. A single i.v. injection of 80 mg/kg of body weight of STZ (Sigma) in 300 l of 0.9% saline solution was administered to one group of rats. In another set of experiments, two doses of 80 mg/kg of body weight were administered with a one-week interval. Blood glucose concentrations were monitored every 3 days after the STZ treatment. Appearance of a nondiabetic normal lean wild-type Zucker Diabetic Fatty (ϩ/ϩ) rat, a double-dose-STZ-diabetic littermate treated with Adv-leptin, and an untreated diabetic littermate. Note that, although both the leptinized and the untreated diabetic rats are slimmer than the nondiabetic wild-type control, the length of the leptinized rat is almost normal. Thus, the growth inhibition caused by insulin deficiency was corrected without insulin replacement.
Induction of Diabetes by Alloxan. After an overnight fast lean wild-type ZDF (ϩ/ϩ) rats received an i.v. injection of alloxan (80 mg/kg of body weight) (Sigma) in 150 l of 0.9% saline. Blood glucose concentrations were monitored after the alloxan treatment.
Adenovirus-Induced Hyperleptinemia. Beginning at an age of 14 weeks, most NOD mice developed severe hyperglycemia (nonfasting blood glucose Ͼ400 mg/dl) accompanied by marked hypoinsulinemia, ketonuria, and cachexia and were obviously near death. These diabetic mice received intravenously a total of 0.3 ϫ 10 12 plaque-forming units of adenovirus containing either the leptin cDNA (Adv-leptin) or, as a control, the ␤-galactosidase cDNA (Adv-␤-gal). Bodyweight and food intake were monitored daily. Blood glucose concentrations were monitored twice a week.
All STZ-and alloxan-treated rats developed severe diabetes with ketonuria and cachexia. Control rats received Adv-␤-gal intravenously and were dietmatched to the leptinized controls. A third group of STZ-diabetic mice received insulin 5 units (Humulin R, Eli Lilly) i.p. twice with a 30-min interval. Animals were killed and their tissues harvested after blood glucose levels fell to 100 mg/dl or less. In the case of insulin treatment, this was 3 h after treatment; in the case of Adv-leptin treatment, it was 3 days.
Tissue Collection and Preparation. NOD mice were killed under phenobarbital anesthesia at 3 days and at 30 days after treatment and nonfasting blood samples were obtained from the inferior vena cava. Heart, liver, kidney, spleen, muscle, and white adipose tissue were rapidly excised and frozen in liquid nitrogen and stored at Ϫ80°C.
STZ-and alloxan-diabetic rats were killed under phenobarbital anesthesia 30 days after treatment. Nonfasting blood samples were obtained from the inferior vena cava and tissues of interest were rapidly excised, frozen in liquid nitrogen, and stored at Ϫ80°C for protein and RNA extraction.
Plasma Measurements. Plasma glucose was measured by PGO glucose kit (Sigma). Plasma leptin and insulin were assayed by using rat leptin ELISA kit and ultrasensitive rat insulin ELISA kit (Crystal Chem). Plasma glucagon was measured by rat glucagon RIA kit (Linco Research). Plasma IGF-1 was measured by rat/mouse Insulin-Like Growth Factor (IGF-1) ELISA Kit (Gropep Limited, IDS Inc.).
Immunocytochemical Studies. Fragments of the tail of pancreata were fixed in Bouin's solution and processed for insulin and glucagon immunohistochemistry staining as previously described (27) . Insulin-positive cells were quantified by using Image-J image analysis software and particle analysis macro (Scion). The area of insulin staining in 12 sections of pancreas from 5 animals, relative to total sectional area examined, was quantified by monochromatic thresholding. Pictures were taken with an Axiophot microscope, objective ϫ20.
Immunoblotting Analysis. Total protein extracts prepared from tissues of lean ϩ/ϩ rats were resolved by SDS/PAGE and transferred to a polyvinylidene difluoride membrane (Amersham Biosciences). The blotted membrane was blocked in 1ϫ TBS containing 0.1% Tween and 5% nonfat dry milk (TBST-MLK) for 1 h at room temperature with gentle, constant agitation. After incubation with primary antibodies anti-phospho-AKT, anti-phospho-STAT3 (Tyr-705) (Cell Signaling Technology), anti-phospho-CREB (Ser-133) (Cell Signaling Technology), anti-phospho-IGF-1 receptor, anti-phospho-MAP kinase (ERK1/2) (Cell Signaling Technology), or anti-tubulin (Sigma) in freshly prepared TBST-MLK at 4°C overnight with agitation, the membrane was washed two times with TBST buffer. This was followed by incubating with secondary antirabbit, -mouse, or -sheep horseradish peroxidase-conjugated IgG antibodies in TBST-MLK for 1 h at room temperature with agitation. The membrane was then washed three times with TBST buffer, and the proteins of interest on immunoblots were detected by an enhanced chemiluminescence detection system (Amersham Biosciences). The corresponding bands were quantified by using National Institutes of Health Image J software (version 1.6).
Immunoprecipitation of Phospho-IRS-1 and Phospho-AKT. Immunoprecipitation was carried out by incubating 2 mg of protein with IRS-1 antibody (Cell Signaling Technology) overnight; after precipitation of the immunocomplexes with 20 l of protein A-Sepharose, the beads were washed 5 times in the cell lysis buffer as described above, resolved by SDS/PAGE gel, and analyzed by Western blotting.
Quantitative Real-time RT-PCR. Total RNA was extracted from pancreas and liver by the TRIzol isolation method according to the manufacturer's protocol (Life Technologies). All reactions were done in triplicate. The real-time amount of all mRNA was calculated by using standard curve method. 18S mRNA was used as the invariant control for all studies. Primer sequences of genes used for quantification of mRNA by real-time PCR appear in Table S2 . The primers for preproinsulin mRNA do not distinguish between the 1 and 2 isoforms.
Statistical analysis.
All results are expressed as mean Ϯ SEM. The statistical significance of differences in mean values was assessed by Student's t test for two groups.
